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Warm water formation and escape in the upper tropical 
Atlantic Ocean 
1. A literature review 
Sang-Ki Lee 1 and G. T. Csanady 2 
Center for Coastal Physical Oceanography, Old Dominion University, Norfolk, Virginia 
Abstract. We review current understanding of the warm water formation and 
escape process in the tropical Atlantic Ocean and point out the physical aspects of 
the process not yet fully explored. From this review, we found a need for a simple 
model capable of describing the first-order heat and mass balance in the tropical 
Atlantic Ocean. This line of work is continued in part 2 [Lee and Csanady, this 
issue]. 
1. Introduction 
The surface waters at the equator are exposed to 
predominantly easterly wind. The Ekman transport is 
therefore poleward in both hemispheres, creating a void 
of mass along the equator. The necessary water mass is 
eventually supplied by equatorward geostrophic trans- 
port and subsequent entrainment of subsurface water. 
The entrainment of colder subsurface water plays a crit- 
ical role in maintaining a low surface water temperature 
that enables the equatorial ocean to receive net heat 
input from the atmosphere. The result is warm water 
formation and escape (WWFE) in the equatorial ocean. 
As pointed out by Csanady [1984], the WWFE process 
in the upper tropical ocean plays an important role in 
the global oceanic heat budget equally important to the 
cold water formation in the polar ocean. Wyrtki [!981] 
described the similar heat and mass balance scenario in 
the eastern tropical Pacific Ocean (Figure 1). 
Although subject to the same influences, the merid- 
ional heat and mass transports in the two oceans (the 
Pacific and Atlantic) differ in one important respect. In 
the Atlantic the mass transport is northward across the 
equator, above the base of the main thermocline layer, 
which is balanced by a net southward flow of approxi- 
mately 15 Sv of cold waters in the deep Atlantic Ocean 
[Roeromich and Wunsch, 1985; Schmitz and McCart- 
ney, 1993]. Since the heat is confined mainly within the 
surface water, the net heat transport is always north- 
ward in the Atlantic Ocean. As noted by Jung [1952], 
this cross-equatorial heat transport is associated with 
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the basin-scale thermohaline circulation, by which the 
upper layer water at the main thermocline level and 
above sinks down to the lower layer in the North At- 
lantic while the lower layer water rises up in the South 
Atlantic [Stomrnel, 1968]. 
Additionally, the cross-equatorial heat transport in 
the Atlantic Ocean is also connected to the heat trans- 
port in the Pacific and Indian Oceans via interbasin 
thermohaline circulation [Gordon, 1986; Broecker, 1991; 
Gordon et al., 1992; Rintoul, 1991; Schmitz, 1995]. It 
is therefore quite reasonable to assume that the unique 
pattern of meridional heat transport in the tropical At- 
lantic Ocean is further linked to the global air-sea heat 
budget as well as the climate variability. However, our 
current knowledge of this subject is far from adequate 
to portray fully how the hydrodynamics of the tropical 
Atlantic Ocean fit into this global heat engine. 
A further complication is that the tropical Atlantic 
is also characterized by intense seasonal variations in 
heat storage and transport. A number of processes may 
contribute to this, but the mass divergence of the trop- 
ical surface water caused by seasonal movement of the 
Intertropical Convergence Zone (ITCZ) is considered 
to be the primary cause [Merle, 1980a; Schopf, 1980; 
Bryan, 1982]. The ITCZ is distinguished by a zone of 
minimum wind speed, called the doldrums, which is as- 
sociated with the converging of two trade wind systems 
centered at 20øN and 15øS, respectively. On an annual 
average, the ITCZ in the Atlantic is located at 5øN. 
The ITCZ migrates seasonally, down to 2øN in north- 
ern spring and up to 10øN in northern fall, producing 
clear sinusoidal signals in the wind stress as well as the 
wind curl. While its dynamic consequences on the trop- 
ical ocean are not fully understood, there must be a 
significant dynamic linkage between the seasonal ITCZ 
migration and meridional heat transport variations. 
Therefore the principal aim of this study is first to 
identify the important components of the WWFE in the 
tropical Atlantic Ocean and to understand the physical 
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Figure 1. A schematic view that shows the major components ofthe mass and heat balance in 
the eastern Pacific Ocean. Reproduced from Wyrtki [1981]. 
mechanism underlying its annual mean balance and sea- 
sonal variation. The paper is divided into two parts. In 
part I (this paper), we review observational as well as 
numerical model studies pertinent to the WWFE pro- 
cess in the tropical Atlantic Ocean and discuss the dy- 
namics of the various elements of the WWFE. In the 
companion paper [Lee and Csanady, this issue] (here- 
after refered to as part 2), a simple but effective isopyc- 
hal layer numerical model is suggested, in which a new 
shear-driven entrainment formula is employed. Using 
the newly developed numerical model, we investigate 
physical spects ofthe WWFE cycle in the tropical At- 
lantic Ocean. 
2. Observational Background 
The spatial pattern of warm water mass (WWM) 
transport in the tropical Atlantic is very well docu- 
mented in the heat transport calculations of Hsiung 
[1985]. She examined the annually averaged meridional 
heat transport for the world ocean, including the At- 
lantic, using the heat budget equation with the data 
collected during the period of 1949-1979. As reproduced 
in Figure 2, her study showed that a maximum diver- 
gence of the meridional heat transport occurs near the 
equator both in the Pacific and Atlantic Oceans, its im- 
plication being a net oceanic heat gain in these regions. 
However, Figure 2 also indicates a striking difference 
between two oceans: while poleward transport changes 
direction near the equator in the Pacific, a northward 
transport is apparent at all latitudes in the Atlantic, 
with a maximum of 9.6xl014W at 25øN. A similar re- 
sult was previously reported by Hastenruth [1982], with 
only a minor difference. 
It must be noted, however, that the studies of Hasten- 
ruth [1982] and Hsiung [1985] are based on heat budget 
calculations, where the heat transport values are ob- 
tained as a difference between the net oceanic heat gain 
and the heat storage rate. Accordingly, uncertainties 
in their calculations are potentially high. Direct es- 
timation of the oceanic heat transport was attempted 
by several authors. Among those, Fu [1981], using the 
hydrographical data of International Geophysical Year 
(IGY) and R/V Meteor expeditions, applied the in- 
verse method of Wunsch [1978] to the South Atlantic 
Ocean to determine the meridional oceanic heat trans- 
port. The total meridional heat transport of 4xl014W 
was obtained across 8øS. This heat transport value is 
an overestimation by a factor of 2 according to Hsiung 
[1985]; however, according to the recent heat transport 
estimation by da Silva et al. [1994], Fu's [1981] calcu- 
lation is quite accurate. Fu [1981] further explored the 
roles of Ekman and geostrophic heat transports by esti- 
mating the two separately. The computed geostrophic 
heat transport was always equatorward, while the Ek- 
man heat transport was directed toward the south and 
generally smaller than 50% of the geostrophic heat 
transport. Consequently, he concluded that the direc- 
tion of the total heat transport largely follows that of 
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Figure 2. Meridiona] heat transpor[ for each of the 
three oceans and for all oceans combined. Positive value 
indicates a northward transport. Reproduced from Hsi- 
ung [1985]. 
LEE AND CSANADY: WARM WATER FORMATION AND ESCAPE, 1 29,563 
the thermocline layer (equatorward). Similar calcula- 
tions were made by Wunsch [1980], Roeromich [1980], 
and Klein et al. [1995] in the North Atlantic Ocean. 
These studies, in general, suggested higher northward 
heat transport values; in particular, Klein et al. [1995] 
estimated about 11.8x1014W near 8øN. 
An extensive heat transport calculation for the tropi- 
cal Atlantic was attempted by Roeromich [1983]. Using 
the inverse method of Wunsch [1978], Roeromich [1983] 
calculated the geostrophic transport of mass and heat 
at 24øN, 8øN, 8øS, and 24øS in the Atlantic. These 
four latitude lines were divided into eight isopycnal lay- 
ers defined by surfaces of different water masses, and 
each layer was examined individually. In the upper 
three layers, above the Antarctic Intermediate Water, 
the geostrophic mass transport was strongly northward 
across 8øS and southward across 8øN, forming a strong 
geostrophic mass convergence toward the equator. The 
total transport in the surface layer was obtained by 
combining the geostrophic and the Ekman components. 
On the basis of the continuity of mass in each layer, 
Roeromich estimated that, between 8øN and 8øS, there 
must be entrainment at a rate of 6 - 10 Sv from the sec- 
ond layer (upper thermocline water) to the first layer 
(surface water). This value is somewhat lower than 
what B,vecker et al. [1978] and Wunsch [1984] obtained 
based on the distribution of bomb radiocarbon in the 
Atlantic Ocean. They estimated entrainment rates of 
17 and 10 Sv, respectively. 
Roeromich [1983] also estimated the mcridional heat 
flux for each of the four latitudes using a similar method. 
The estimated Ekman and gcostrophic heat transports 
were-9.2x1014W and 16.6x10•qw, respectively, at 8øS 
and 18.9x1014W and-2.8x10•qw, respectively, at 8øN. 
The data used for the calculation at 8øN and 8øS were 
taken in March and May 1957, respectively. There- 
fore direct comparision between the two cross sections 
should not be made. Nevertheless, the heat trans- 
port calculation still implies that the gcostrophic heat 
transport dominates at 8øS, while the Ekman heat flux 
dominates over the geostrophic heat transport at 8øN, 
pointing to different mechanisms for the northward heat 
transport in the two hemispheres of the tropical At- 
lantic. The net effect is the cross-equatorial heat trans- 
port from the thcrmocline layer of the South Atlantic to 
the surface layer of the North Atlantic, which is bridged 
by the equatorial entrainment. 
Hastenrath and Merle [1986] further explored the sea- 
sonal variations of heat transport in the tropical At- 
lantic Ocean between 20øS and 30øN. The data were col- 
lected from subsurface temperature soundings compiled 
until 1978 and evaluations of net heat gain from long- 
term ship observations between 1911 and 1970. The 
oceanic surface heat budget equation can be written as 
The left-hand terms are the net short wave (Qsw) and 
net long wave (Qœw) radiation and sensible (Q$) and 
latent heat (QE) fluxes at the sea surface, while the 
right-hand terms are the heat storage rate QT and lat- 
eral heat export Qv, where their sum (QT+Qv) repre- 
sents the net oceanic heat gain. The heat storage rate 
QT was obtained by integrating the subsurface temper- 
ature from the sea surface to the depth where the annual 
temperature variation vanished. 
According to the heat storage rate QT and heat diver- 
gence Qv plots from Hastenrath and Merle [1986] (not 
shown here), the divergence of oceanic heat transport 
Qv exhibits patterns broadly inverse to that of the heat 
storage rate QT, indicating that the heat storage rate 
QT is determined mainly by the heat transport diver- 
gence caused by tropical ocean dynamics rather than 
the seasonal heat flux on the sea surface (QT+QV). 
Similar suggestions have been offered by Merle [1980a] 
and Levitus [1984]. The same figures also show that, 
on an average over the equatorial area between 10øS 
and 10øN, there is heat escape (negative QT) dur- 
ing March/May, while heat accumulation (positive QT) 
prevails in August/September [Merle, 1980b]. 
Hastenrath and Merle [1986] also studied the zonal 
heat transport variation, which showed a west-east see- 
saw variation in the equatorial area between 6øS and 
6øN: heat accumulation predominates in the western 
equatorial Atlantic during June/July, while heat escape 
continues in the east. In August/September, the heat 
accumulation of the eastern basin goes to maximum 
while the western basin starts to experience heat es- 
cape. 
The accumulated heat content can be obtained by 
the integration of the heat accumulation rate Qs, over 
time. It reaches maximum and minimum when the 
Qs, switches sign from negative to positive and posi- 
tive to negative, respectively. In this way, from Figure 
7 of ,astenrath and Merle [1986] (not shown here), we 
find the minimum and maximum heat accumulation in 
the west in April and September/October, respectively. 
Likewise, the accumulated heat in the east has a min- 
imum in July and a maximum in October/May. This 
pattern agrees largely with the upward movement of 
the 23øC isotherm observed in the equatorial Atlantic 
[Merle, 1980b]. Hastenrath and Merle [1986] therefore 
concluded that the seasonal variation of heat storage in 
the tropical Atlantic Ocean is strongly associated with 
the upper layer depth change, which is more or less in 
phase with the seasonal zonal wind stress cycle [Katz et 
al., 1977]. 
3. General Circulation Model Studies 
The work of Bryan and Lewis [1979] was the first at- 
tempt to analyze the heat budget of the world ocean 
by using the general circulation model (GCM) devel- 
oped by Bryan [1969]. The model had a very coarse 
resolution of about 5 ø in the horizontal and 12 levels 
in the vertical direction. Only the annual mean plus 
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the first harmonic wind stress were used to drive the 
model ocean, and linear damping forced the tempera- 
ture and salinity of the surface cell toward observed val- 
ues. Bryan [1982] described the heat transport in the 
individual ocean basins based on the numerical model 
result of Bryan and Lewis [1979]. The zonally aver- 
aged northward heat transports for the Pacific and At- 
lantic Oceans from the model are reproduced in Figure 
3; the seasonal poleward heat transports of the Pacific 
are relatively symmetric, varying approximately from 
7.5x10Xqw in January to -13x10Xqw in July at the 
equator, while the Atlantic side is characterized by a 
net northward heat transport throughout the year with 
values of about 2.5x10Xqw in July and 4x1014W in 
January at the equator. It must be noted, however, 
that the absolute transport values are not realistic since 
the direct estimates of the heat transport at 25øN by 
Bryden and Hall [1980], Wunsch [1980], and Roeromich 
[1980] all indicate much greater heat transport. 
Following Bryan and Lewis [1979], $armiento [1986] 
investigated the heat transport process in the Atlantic 
Ocean between 25øS and 65øN using the same model de- 
veloped by Bryan [1969]. $armiento [1986] noted that, 
with a horizontal resolution of 5 ø, the model of Bryan 
and Lewis [1979] was not likely to resolve the major 
currents of the equatorial Atlantic, such as the North 
Equatorial Countercurrent (NECC). Therefore he used 
a higher resolution of 2 ø, which is about the size of 
the internal deformation radius in the tropical Atlantic 
[Chelton et al., 1998]. Along the boundaries at the 
northern and southern edges, buffer zones were incor- 
porated in which the temperature and salinity were re- 
laxed back to the monthly mean values of Levitus [1982]. 
At the surface, the temperature and salinity were fixed 
with the monthly mean data from Levitus [1982], simi- 
lar to Bryan and Lewis [1979]. Another major advance 
of the model was in the wind stress data, for which 
Sarmiento [1986] used the monthly mean wind stress of 
Hellerman and Rosenstein [1983]. With high resolution 
and monthly mean climatic forcing, Sarmiento [1986] 
obtained much larger meridional heat transport, with a 
maximum of about 1.4 PW in the equatorial Atlantic. 
On the basis of the model results, Sarmiento [1986] 
supported the observational evidence presented by Has- 
tenrath and Merle [1986] that the large seasonal changes 
in heat storage in the tropics are primarily caused 
by transport divergence rather than surface heat flux. 
Sarmiento [1986] also emphasized that, on an annual 
average, the equatorial region gained a large amount 
of heat associated primarily with the conversion of the 
northward geostrophic flow from the South Atlantic to 
the surface Ekman flow in the North Atlantic, estimated 
up to 6 Sv. The conversion process from the geostrophic 
to the Ekman flow implies a net mass and heat transfer 
from the thermacline layer to the surface layer. This re- 
sult is consistent with the aforementioned inverse calcu- 
lation of Roeromich [1983], in which he estimated about 
6 - 10 Sv for the conversion rate. 
Sarmiento [1986] also noted that the seasonal cycle of 
low-frequency northward heat transport was al'most in 
phase with the seasonal appearance of the North Equa- 
torial Countercurrent, suggesting a dynamical connec- 
tion between the cycles of the NECC and the meridional 
heat transport. 
Sarmiento's [1986] work was further extended by Phi- 
lander and Pacanowski [1986]. They used basically the 
same model developed by Bryan [1969]; this time, how- 
ever, the horizontal resolution was about 0.3 ø near the 
equator and the surface heat flux was directly calculated 
from the meteorological variables. Special attention was 
given to parameterizing friction and eddy heat transfer 
(for details, see Vacanowski and Philander [1981]). 
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Apart from the results similar to its predecessors, 
Philander and Pacanowski [1986] found that the sea- 
sonal variations of heat transport were significant only 
between 15øN and 5øS and that the heat transport 
across 5øS and 15øN had little seasonal variation. Across 
8øN, the northward heat flux varied from 1.75 PW in 
January, when the NBC flowed continuously into the 
Caribbean Sea, to-0.2 PW in August, when this cur- 
rent veered offshore near 5øN to form the NECC. They 
therefore concluded that the zonal bands 5øS to 8øN 
and 8øN to 15øN act as reservoirs of heat with their 
heat storage cycle out of phase in time. 
The modeling work was continued by BSning and 
Herrmann [1994], who used the high-resolution umer- 
ical model developed by Bryan and Holland [1989] as 
a part of a Community Modeling Effort (CME) for 
the World Ocean Circulation Experiment (WOCE). As 
in the model of $armiento [1986] and Philander and 
Pacanowski [1986], the temperature and salinity at the 
open boundaries were restored to the monthly mean 
data by Levitus [1982]. According to BSning et al. 
[1996], the annual mean overturning of the meridional 
heat transport depends critically on details of the open 
boundary condition. However, BSning and Herrmann 
[1994] noted that the seasonal variation is largely a 
wind-driven effect, therefore the configuration of the 
open boundary does not influence the seasonal heat 
transport variation. 
BSning and Herrmann [1994] emphasized the sensi- 
tivity of the model result to the wind stress data and 
the horizontal resolution, but the basic characteristics 
of the CME model result was the same as in the pre- 
vious model studies. They concluded that the Ekman 
transport is mainly responsible for the seasonal heat 
transport variation. 
4. Mechanism of WWFE 
Referring to the observations and GCM studies dis- 
cussed above, it appears that the formation of the 
WWM takes place mostly through the equatorial en- 
trainment of the thermocline water originating from the 
South Atlantic and that the escape is toward the North 
Atlantic. For this reason, we first review the obser- 
vational evidence on equatorial entrainment and some 
hypotheses regarding its machinery, followed by a dis- 
cussion on the source of the Equatorial Undercurrent 
(EUC). Then, we turn our attention to the warm water 
escape mechanism, for which the dynamics of individ- 
ual surface currents in the northern tropical Atlantic 
Ocean, mainly the North Brazil Current (NBC) and 
the NECC, are discussed. 
4.1. Seasonal Appearance of Cold Water 
Tongue 
Sea surface temperature (SST) in the tropical At- 
lantic is characterized by the summer appearance of a 
cold water tongue in the Gulf of Guinea. Since there are 
no other significant sources of cold water near this area 
[Picaut, 1983], it is generally believed that this sudden 
change of the SST is a manifestation of vertical mix- 
ing between the surface mixed layer and the relatively 
cold upper thermocline layer. It is not clear, however, 
why this should be most intense during northern sum- 
mer. One hypotheses is a simple wind mixing scenario 
explored by Houghton [1976]. From the historical data 
set, he analyzed the local wind stress and the SST vari- 
ation near the Gulf of Guinea where the summer cold 
water tongue was observed. The results revealed almost 
no correlation between the two. 
A different mechanism was therefore proposed by 
Moore et al. [1978]. They argued that the summertime 
cold water tongue could be initiated by Kelvin waves, 
which were excited by the increased wind stress in the 
western part of the equator. This hypotheses was based 
on a conception that the lowered SST coincides with the 
uplifted isotherm. As pointed out by Schopf and Cane 
[1983], however, only entrainment changes SST, not the 
uplift of isotherms (i.e., upwelling), and these two are 
not necessarily correlated. Therefore, although there 
are a number of observational and numerical studies 
[e.g., Adamec and O'Brien, 1978; Setvain et al., 1982; 
Picaut, 1983] that give some support to the hypothe- 
ses of Moore et al. [1978], it is reasonable to question 
whether remotely forced upwelling is necessary to ex- 
plain the observations. 
An alternative possibility is that the summer ap- 
pearance of a cold water tongue is due to entrain- 
ment enhanced by increased shear between the west- 
ward South Equatorial Current (SEC) and the eastward 
EUC. Clear evidence for this was reported by Voituriez 
and Herbland [1979]. Observations on their cruises in 
1975 showed that the vertical shear in the equatorial 
pycnocline at 4ø30'W increased from March to August, 
owing to the acceleration of the SEC and the shoaling 
of the EUC. Specifically, in this period, the Richardson 
number decreased from 5.0 to 0.3, indicating much in- 
creased shear in August and associated vertical mixing. 
4.2. Surface Heat Gain Near the Cold Water 
Tongue 
Over the cold water tongue, little water evaporates 
and there is not much sensible heat transfer, so that 
surface waters gain heat along the equator in the east- 
ern Atlantic at a rate of up to 100 W/m 2 [Hastenrath 
and Lamb, 1978]. Such heat gain accompanies equa- 
torial entrainment at a velocity of order 10 -5 m/s, as 
an air-sea mixed layer model shows [Csanady, 1984]. 
Niiler and Stevenson [1982] developed a simple but ef- 
fective heat budget scheme to quantify the heat nec- 
essary for warm water formation. They integrated the 
heat content equation along the 25øC isotherm, thereby 
canceling out the heat advection terms, to obtain a di- 
rect relationship between the entrainment cooling and 
the surface heat flux. They found that approximately 
0.2 PW from the atmosphere is required for equatorial 
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warm water formation in the Atlantic (in the Pacific it 
was more than 1.1 PW). 
4.3. Origin of Equatorial Undercurrent 
Metcalf and $talcup [1967] provided the first attempt 
to identify the source of the EUC in the tropical At- 
lantic. On the basis of the analysis of the hydrography 
in the western tropical Atlantic, they suggested that the 
EUC water comes from the South Atlantic by the way of 
subsurface NBC and that the contribution of the North 
Atlantic is very minor. Stramma et al. [1995] refer to 
the subsurface NBC in this region as the North Brazil 
Undercurrent (NBUC). $chott et al. [1993] found that 
the northward transport of the thermocline water (100- 
300 m) via the NBUC is about 13 Sv, with small (1 Sv) 
seasonal variation. In addition to the major pathway 
via the NBUC, Schott et al. [1995] found that, in the 
spring of 1994, approximately 3 Sv is transported to the 
eastern equatorial region from the South Atlantic. 
According to Molinari and Johns [1994], the NBUC 
separates from the western boundary at about 4øN in 
March, but it may extend farther northward, up to SøN, 
in September. However, this seasonal migration of the 
separation point does not alter the overall pathway from 
the NBUC to the EUC. The net northward leakage of 
the NBUC appears to be small throughout the year 
[Cochrane t al., 1979]. 
The dynamics of the thermocline water in the tropi- 
cal Atlantic is most perplexing since it is connected to 
at least three different driving mechanisms, namely, the 
equatorial entrainment, the subtropical ocean dynam- 
ics, and the thermohaline overturning cell. There are 
a few interesting model studies attempting to connect 
the equatorial entrainment with the subduction of the 
mixed layer in subtropical oceans [e.g., McCreary and 
Lu, 1994; Liu et al., 1994]. However, our understand- 
ing on the subject is too primative to quantify fully the 
remote effect of higher-latitude dynamics at this point. 
4.4. Escape of WWM via NBC 
The NBC in the surface 100 m is thought to be an im- 
portant conduit of the poleward escape of the WWM 
in the tropical Atlantic Ocean. The surface NBC is 
most intense in northern summer, during which its main 
branch separates from the western boundary at about 
6øN then turns offshore to feed the NECC. In north- 
ern spring, on the other hand, it continues northwest- 
ward along the western boundary as the Guiana Cur- 
rent. The source of the surface NBC is mainly the SEC 
originating from the east at 5øS-1øS (86%), and only a 
small fraction (14%) is from the south of 5øS [$chott et 
al., 1995]. 
The Western Tropical Atlantic Experiment (WES- 
TRAX) [Brown et al., 1992] was recently conducted in 
which current meters were deployed near the western 
boundary region between the equator and 10øN dur- 
ing 1989-1991. The current profile and mass transport 
inferred from WESTRAX were reported by several au- 
thors [Johns et al., 1990, 1993, 1998]. Among those, 
Johns et al. [1998] analyzed the current meter observa- 
tions across 4øN collected during the WESTRAX time 
period. According to them, in the spring, the surface 
NBC carries approximately 8 Sv of SEC water north- 
ward, while it may carry up to 16 Sv northward in the 
fall. It is not certain, however, how much of this 16 Sv 
of the surface NBC turns into the interior ocean to feed 
the NECC. Wilson et al. [1994], found from shipboard 
surveys in August 1989, that the total transport of the 
NECC is approximately 24 Sv, where 8 Sv comes from 
the NEC and the remainnig 16 Sv comes from the sur- 
face NBC. Therefore Johns et al. [1998] argued that all 
16 Sv is required to feed the NECC, hence the WWM 
escape route of the NBC-Guiana Current is blocked dur- 
ing the summer and fall, as is suggested by GCM models 
[Sarmiento, 1986; Philander and Pacanowski, 1986]. 
A different scenario was offered by Csanady [1985]. 
On the basis of several observational studies including 
the ship drift map of Richardson and McKee [1984], 
Csanady [1985] suggested that the SEC transports about 
30 Sv to the NBC between July and December, of which 
20 Sv turns offshore to form the NECC and the re- 
maining 10 Sv continues northwestward as the Guiana 
Current, however, in the months of January/July, the 
transport from the SEC to the NBC is reduced to about 
10 Sv, which continues to flow into the Guiana Cur- 
rent without retrofiection, thereby suggesting a con- 
stant flow of 10 Sv from the NBC to the Guiana Cur- 
rent, regardless of the season. This was supported by 
the high-resolution GCM study of Schott and Boning 
[1991]. They found no significant increase of the north- 
westward transport from the NBC to the Guiana Cur- 
rent in northern winter. At this point, however, there 
is no concrete evidence to confirm or contradict the hy- 
potheses of Csanady [1985] or Johns et al. [1998]. 
The surface NBC is a western boundary current that 
is mainly driven by the wind stress curl over the interior 
tropical ocean basin associated with the seasonal migra- 
tion of the ITCZ. In the classical theories of wind-driven 
circulation, the principal role of the western bound- 
ary current is to close the mass imbalance caused by 
the interior transport. Therefore one may argue that 
the separation of the surface NBC is a response of the 
western boundary current to changing interior trans- 
port (NECC, in this case). 
While this is generally accepted as an explanation 
for the seasonal variation of the surface NBC, there are 
other hypotheses regarding the separation of the west- 
ern boundary current [Cessi, 1990; Parsons, 1969; Vero- 
his, 1981]. In particular, Parsons [1969] suggested that 
the separation of a western boundary current from the 
coast is associated with the surface outcropping of the 
thermocline; but as stated by Csanady [1990], the ther- 
mocline remains submerged when the NBC separates 
from the coast. Therefore this outcropping-separation 
mechanism is not a plausible idea for the separation of 
the NBC. 
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Csanady [1985] suggested a possible cause of the NBC 
separation from the coast. He argued that the poten- 
tial vorticity (PV) front developing between the low PV 
waters coming from the south and high P V waters in 
the north may cause the separation. The PV map near 
the retrofiection point produced by Flagg et al. [1986] 
supported his idea. Later, by extending the recircula- 
tion model of Cessi [1990], Condie [1991] successfully 
demonstrated this hypotheses in the quasi-geostrophic 
model in which flow was driven by potential vorticity 
anomalies along a western boundary. 
Other theories on the western boundary current sep- 
aration include those of the "slanted wall effect" [Mc- 
Creary and Kundu, 1988], "vorticity crisis," and "ad- 
verse pressure gradient." These theories, however, have 
not been applied to the NBC. Therefore further reviews 
on these theories are beyond the scope of this study and 
can be found elsewhere [e.g., Ierley, 1990; Haidvogel et 
al., 1992; Dengg et al., 1996]. 
As the NBC separates from the western boundary to 
feed the NECC, a recirculation gyre is usually devel- 
oped; in effect, a warm eddy is often formed. Using 
coastal zone color scanner (CZCS) images from 1979 
to 1980, Johns et al. [1990] found that several anti- 
cyclonic eddies of about 400 km diameter are pinched 
off near the NBC retrofiection point and drift north- 
westward along the coast of South America. Didden 
and $chott [1993] also identified five retrofiection eddies 
from their satellite altimetry data, supporting Jones et 
al. [1990]. Richardson et al. [1994] suggested that 
these eddies could provide a significant northward mass 
transport of about 3 Sv, even during northern summer, 
when the surface NBC retrofiects to feed the NECC. 
The eddy generation in this region is identified by the 
50-day oscillation of the energy field. The source of 
the energy fluctuation is not clear, but it can be as- 
sociated with the local instability of the NBC-NECC 
system [McClean and Klinck, 1995] or northward prop- 
agation of eddies initiated farther upstream near the 
equator [Carton, 1992]. 
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Figure 4. Variation of (a) thermocline depth and 
(b) curl of the wind stress as a function of time and 
longitude for the southern (4øN to 7øN) and northern 
(7øN to 10øN) sides of the North Equatorial Counter- 
current (NECC). The annual means are subtracted at 
each 4 ø longitude band. Units are meters for the ther- 
mocline depth and dyn/cm 3 for the wind stress curl. 
Reproduced from Garzoli and Katz [1983]. 
4.5. Seasonal Appearance of the NECC 
The seasonal behavior of the NECC is well described 
in the surface current map of Richardson and McKee 
[1984]. On the basis of historical ship drift velocities, 
they showed that the NECC is present as a contin- 
uous eastward flowing current in the band 5øN-8øN 
from June to December and disappears during Jan- 
uary/May. According to a monthly profile of surface 
zonal currents in the central Atlantic from Richardson 
and McKee [1984] (not shown here), the NECC starts 
in June and its strength gradually increases until Au- 
gust/September, then disappears in January. At the 
same time, the core of NECC is shifted northward from 
5øN to 8øN between June and August, then back to 
5øN during September/December. This migration of 
the NECC core coincides roughly with that of the ITCZ 
where the wind stress curl vanishes, suggesting that the 
seasonally intensifying NECC is a dynamic response to 
the local wind stress curl (or Ekman divergence) as orig- 
inally proposed by $verdrup [1947]. 
The seasonal variation of the NECC usually accom- 
panies the rise and fall of the thermocline along its !o- 
cation. Garzoli and Katz [1983], using hydrographic 
data, analyzed the thermal structure associated with 
the NECC and its relation to the ITCZ movement. 
They found that the depths of the thermocline in the 
southern and northern sides of the NECC core oscillate 
180 ø out of phase to each other annually. This feature 
is shown in Figure 4 along with associated wind stress 
curl in these regions. Figure 4 shows clearly that the 
curl of the wind stress (or Ekman pumping) is qualita- 
tively correlated with the thermocline depth variations. 
In order to quantify this relationship, Busalacchi and 
Picaut [1983] used a single-layer, educed gravity model 
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with realistic wind and geometry. They calculated the 
different terms of the linearized, time dependent vortic- 
ity equation from their model results. From this anal- 
ySis, they concluded that the dynamics of the NECC 
and the associated thermocline oscillation are deter- 
mined by a combination of the local surface vorticity 
input (Ekman pumping) and the westward propagating 
Rossby waves. An interesting point is that, according 
to a simple numerical model of Schopf [1980], the plan- 
etery waves modify the local hydrography but do not 
alter significantly the net poleward heat transport. 
4.6. Escape of WWM Via Interior Sverdrup 
Transport 
Csanady [1985] suggested another oute of WWM es- 
cape from the NBC to the North Equatorial Current 
(NEC) via the interior of the cyclonic gyre bounded 
north and south by the NECC and the NEC, respec- 
tively. He argued that since the southward western 
boundary current of the cyclonic gyre is absent, the in- 
terior northward flow via the eastern leg of the cyclonic 
gyre must hen be supplied by the NECC, so that a link 
of NBC-NECC-NEC is formed. He estimated that, on 
an annual average, about 10 Sv must escape via this 
route. 
Since the cyclonic gyre is mainly in Sverdrup bal- 
ance, where the meridional transport in the upper ocean 
is driven by the Ekman pumping [Garzoli and Katz, 
1983], this northward Svcrdrup mass transport may be 
separated into the Ekman and geostrophic components. 
From the monthly mean wind stress data of Hellerman 
and Rosenstein [1983], Roeromich [1983] estimated an 
annual mean Ekman transport of approximately 11.7 
Sv across 8øN. This value is comparable to 10 Sv of the 
total Sverdrup transport via the cyclonic gyre. There- 
fore it can be said that thc northward heat and mass 
transport via the cyclonic gyre is mainly due to the Ek- 
man transport, and the geostrophic transport is only 
about 2 Sv southward. 
It is obvious that the seasonal variation of the Ekman 
transport is associated with the ITCZ movement. Klein 
et al. [1995] estimated that the Ekman mass transport 
across 8øN is about 24 Sv in January and less than 1 
Sv in August. 
5. Summary and Discussion 
The primary objective of this work was to review 
our current understanding of the WWFE process in the 
tropical Atlantic Ocean and to pinpoint he physical as- 
pects of the process not yet fully explored. In general, 
the tropical ocean is the site where the cold thermo- 
cline water of off-equatorial origin is transformed into 
the WWM via entrainment and subsequent surface heat 
flux, after which the WWM is exported poleward even- 
tually. In the tropical Atlantic, the mass import is con- 
fined to the thermocline layer of the South Atlantic, 
while the mass export is strictly via the surface mixed 
layer toward the North Atlantic. The result is a net 
northward heat transport. This unique feature is due 
to the fact that the meridional geostrophic transport 
is much stronger in the South Atlantic, while the Ek- 
man transport is nearly symmetric across the equator. 
In any case, approximately 10 Sv of entrainment is re- 
quired at the equator to close the mass balance. 
A more detailed picture can be achieved by combin- 
ing the results of several observational studies, which 
are summarized in Figure 5. It appears that the path- 
way of the cold thermocline water import is mainly via 
the NBUC, which separates from the coast at about 
4øN- 8øN then feeds the EUC. Johns et al. [1998] es- 
timated about 13 Sv of transport via the NBUC-EUC, 
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Figure 5. Annual mean mass transport inthe tropical Atlantic Ocean for the surface mixed 
layer (thin arrows) and upper thermocline layer (thick arrows). Numbers (in Sv)inside circles 
indicate transport estimates inferred from Johns et al. [1998] and other observations. 
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Figure 6. Sketch of seasonal mass balance in the tropical Atlantic Ocean for the surface mixed 
layer and upper thcrmoclinc layer for (a) summer-fall and (b) winter-spring. The numbers (in 
Sv) indicate transport estimates inferred from Johns et al. [1998] and other observations. 
with small (1 Sv) seasonal variation. The thermocline 
water is then carried castward via the EUC, of which 
approximately 10 Sv is entrained into the surface water 
in the eastern sector of the equator and the remaining 
water mass flows southward. The 10 Sv of newly en- 
trained water plus the 2 Sv of surface water from the 
South Atlantic escape toward the North Atlantic, only 
after they are heated up at the sea surface. 
There are three major escape routes of WWM. They 
are the surface NBC-Guiana Current, the eddy trans- 
port along the western boundary, and the interior Svcr- 
drup transport. It appears that there must be about 
12 Sv of annual mean WWM escape toward the North 
Atlantic; however, it is not certain exactly how much is 
associated with each of the three routes. Especially, the 
continuation of the surface NBC to the Guiana Current 
is still in active debate. For instance, Johns et al. [1998] 
suggested that approximately 8 Sv of the surface NBC 
continues northward along the western boundary up to 
the Caribbean Sea in spring, but during summer/fall, 
most of the surface NBC (16 Sv) is used to feed the 
NECC, and the leakage of the surface NBC along the 
western boundary ceases completely. However, he also 
noted that there can be active eddy transport during 
this season, which may account for up to 3-4 Sv. Con- 
trary to Johns et al. [1998], Csanady [1985] suggested 
that the northward transport via the surface NBC is 10 
Sv throughout the year. 
The interior Sverdrup transport is also significant. At 
8øN, the Ekman transport ranges from 24 Sv in spring 
to less then I Sv in August [Klein et al.• 1995], with an 
annual mean of 12 Sv [Roeromich, 1983]. If the annual 
mean transport via the surface NBC-Guiana Current is 
4 Sv according to Jones et al. [1998], we can conclude 
that there must be about 4 Sv of compensating interior 
geostrophic transport toward the equator. On the ba- 
sis of this circumstantial evidence, it is likely that the 
Svcrdrup transport ranges from 0 in summer/fall to 16 
Sv in spring/winter. 
Judging from the seasonal appearance of the cold wa- 
ter tongue, the equatorial entrainment is most intense 
during summer/fall and nearly absent in spring/winter. 
As described, the escape of the WWM takes place 
mostly during spring/winter, while the import of the 
off-equatorial water via the NBUC is nearly steady. 
Therefore, during summer/fall, the surface mixed layer 
in the tropical Atlantic experiences mass accumulation, 
while the thermoclinc layer is depleted in these seasons. 
In winter/spring, this process i reversed (see Figure 6). 
It is likely that the seasonal variation in WWFE is 
associated with the ITCZ movement. However, our un- 
derstanding of this subject is still primitive. To better 
understand the role of the ITCZ movement, some crit- 
ical points must be clarified. First, there is a need for 
a physically sound entrainment scenerio. Second, mass 
transport via the surface NBC-Ouiana Current must be 
quantified. 
To comprehend the WWFE process in the tropical 
Atlantic Ocean, there must be intense studies on the 
dynamics of the global ocean circulation, treating the 
tropical Atlantic as only one part. However, before we 
take this approach, the local response of the tropical At- 
lantic must be fully investigated, minimizing the con- 
nection with remote parts of the ocean. This line of 
work is pursued in part 2. 
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